L ipoprotein and cholesterol metabolism in the brain involves metabolic pathways that are regulated independently of those in the peripheral circulation and tissues. The blood-brain barrier (BBB) restricts plasma lipids, including cholesterol and plasma lipoproteins, from entering or leaving the central nervous system (CNS). In the CNS, cholesterol is synthesized by astrocytes, oligodendrocytes, microglia, and to a lesser extent neurons. CNS cholesterol homeostasis is maintained by 24S-hydroxycholesterol produced by neurons. CNS lipoproteins redistribute cholesterol and lipids to neurons and other brain cells to maintain neuronal plasticity, which requires repair and remodeling of membranes, organelle biogenesis, and synaptogenesis. ApoE is critical in this process through the formation of apoE-enriched CNS lipoproteins that are high-density lipoprotein (HDL) like but are unlike the major apoAI-enriched HDL in plasma. Please see http://atvb.ahajournals.org/site/misc/ ATVB_in_Focus.xhtml for all articles published in this series.
Lipoprotein Synthesis and Metabolism in the CNS in Humans
Lipoproteins and their metabolism differ in the peripheral circulation and the CNS (Figure 1 ). ApoB-containing hepatic and intestinal particles not found in the CNS, including very low-density lipoproteins (VLDL), intermediate-density lipoproteins, low-density lipoproteins (LDL), and chylomicrons, are critical for lipid transport and lipid metabolism in plasma. They participate in absorption of dietary lipid (triglycerides), lipid transport to peripheral cells, generation of fatty acids for storage, and lipid metabolism. 12 Plasma HDL contain primarily apoAI; apoAII, apoE, apoAIV, and apoCs are present at lower levels. Generated from the surface of triglyceride-rich lipoproteins during lipolysis and synthesized by hepatocytes and intestinal enterocytes, apoAI forms a pool of HDL discs-lipid-poor pre-β-HDL that initiate formation of mature HDL particles (HDL 3 and HDL 2 ), which grow larger and more enriched in cholesterol and cholesteryl esters. Unesterified cholesterol and phospholipids are transferred by the ATP-binding cassette transporter 1 (ABCA1) in peripheral tissues to HDL; unesterified cholesterol is esterified by lecithin-cholesterol acyltransferase (LCAT). Newly secreted apoAI interacts with ABCA1 primarily on hepatocytes and enterocytes (hepatic ABCA1 activity accounts for ≈80% of HDL formation in vivo). 13 Plasma HDL participate in reverse cholesterol transport-delivery of excess cholesterol by the cholesteryl ester transfer protein (CETP) to the liver for excretion. Plasma HDL are a reservoir for apoE, which is transferred to chylomicrons and VLDL to mediate their clearance by the LDL receptor. Although apoE-containing HDL (HDL 1 ) constitute ≤10% of total HDL, they have not been extensively studied. 14 In lower animals, HDL 1 can be a major lipoprotein class, especially in cholesterol-fed animals. HDL 1 are cholesteryl ester enriched and larger than HDL 3 or HDL 2 . 15 In cultured macrophages that synthesize and secrete apoE and are exposed to LCAT, apoE facilitates cholesterol incorporation into HDL particles to form cholesteryl ester-rich cores. 16, 17 Particle size (>20 nm) corresponds to the layers of cholesteryl ester in the core. 18 ApoE is the major apolipoprotein regulating CNS lipid metabolism and, along with apoAI, forms HDL-like particles that help to redistribute cholesterol and phospholipids to cells for repair and remodeling (triglyceride is scarce or absent in the CNS; Figure 1 ). ApoAI is transferred from plasma to the CNS and is not synthesized in the brain, but apoE is synthesized in the CNS. 19 CNS lipoproteins differ from plasma HDL. In the CNS, apoE delivers cholesterol and other lipids to cells through interactions with ≥1 members of the LDL receptor family. Nevertheless, enzymes, transporters, and receptors similar to those in the periphery are used in CNS lipoprotein formation and metabolism, including LCAT, CETP, ABCA1, ABCG1, ABCG4, and the LDL receptor and family members.
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CNS ApoE: Sites of Synthesis, Secretion, and Regulation
ApoE structure and function have been studied extensively in the periphery and in the brain, and several roles have been defined. [20] [21] [22] The brain is the second most common site of apoE production (liver accounts for 75%) 23 ; various CNS cells are involved, particularly astrocytes, including specialized astrocytes (Bergmann glia, tanycytes, pituicytes, and retinal Müller cells). 24 Primary cultures of mouse astrocytes pulsed with [ 35 S]methionine secrete apoE-containing HDL-like particles. 25 Brain apoE expression was mapped in mice by inserting enhanced green fluorescent protein (EGFP) controlled by the endogenous promoter into 1 apoE allele (EGFP apoE mice); the other apoE allele maintains normal cellular physiology. 26 Hepatocytes and peripheral macrophages expressed high levels of EGFP, indicating apoE production. About three fourths of astrocytes had high EGFP levels. Astrocyte activation with kainic acid enhanced EGFP expression. In microglia, kainic acid elicited EGFP expression in ≈6% of cells. Microglia in specific brain regions may be more or less active. For example, apoE is produced by microglia in the brains of patients with Alzheimer disease (AD) 27 and in the olfactory bulb of lesioned mice. 28 Cultured microglia also produce apoE. 29 ApoE is produced by injured or stressed neurons. 26 In EGFP apoE mice treated with kainic acid, injured neurons produced high levels of apoE as confirmed by EGFP expression and in situ hybridization of apoE mRNA in the hippocampus. Under normal physiological conditions, conditional deletion of Apoe, specifically from neurons in apoE targeted replacement (knockin) mice, decreased cortical and hippocampal apoE levels by 20%. 30 Thus, neurons likely synthesize and secrete as much as 20% of CNS apoE.
Furthermore, normally neurons are uniquely poised to rapidly produce apoE. Neurons contain a splicing variant of apoE mRNA not found in astrocytes or hepatocytes. 31 In wild-type and apoE targeted replacement mice, cortical and hippocampal neurons retain intron-3 in apoE mRNA and produce low levels of mature apoE mRNA for apoE synthesis under normal conditions. After kainic acid treatment, which causes neurodegeneration, apoE mRNA with intron-3 was markedly decreased in injured hippocampal neurons, and mature apoE mRNA (lacking the intron) and protein were increased. The neuron-specific regulation of apoE expression demonstrates the critical role of apoE production, presumably for redistribution of cholesterol for cellular repair and maintenance and possibly as a transcription factor. 32 Neuronal apoE production is regulated at least in part by an astrocyte-secreted factor or factors through the extracellular signal-regulated kinase pathway. In neuronal cells expressing human apoE3 or apoE4, astrocyte-conditioned medium increases apoE expression 4-to 10-fold. 33 Stress-and injury-induced upregulation of neuronal apoE production could be partly mediated by astrocyte activation (astrocytosis) after acute injury, including traumatic brain injury, oxidative stress, and amyloid-β (Aβ) accumulation. In EGFP apoE mice, smooth muscle cells surrounding large blood vessels in the CNS and cells of the choroid plexus also produce apoE 26 as do cultured arterial smooth muscle cells. 34
ApoAI in the CNS
ApoAI is not produced in the CNS but is transferred from the peripheral circulation to the CSF to help redistribute cholesterol in the brain. Intravenously injected recombinant, fluorescently labeled human apoAI rapidly appears in CSF. 35 ApoAI is primarily transferred in the choroid plexus. Cultured primary human choroid plexus epithelial cells bind, internalize, and transfer apoAI across the cells. Although the choroid plexus contains numerous specific transporters, the apoAI transporter is not known. 35 
Human CSF Lipoproteins
The major apolipoproteins in the CSF are apoE and apoAI, with lesser amounts of apoAII, apoCs, apoJ, and apoD. CSF lipoproteins float by ultracentrifugation at d=1.063 to 1.21 g/mL with the majority at d=1.09 to 1.15 g/mL. They tend to be small and spherical (≈10-20 nm), like plasma HDL, but are unique HDL-like particles. CSF lipoproteins fractionated by density gradient ultracentrifugation include both apoE and apoAI particles. 36 The particles primarily contain phospholipid and cholesterol (≈35% unesterified versus 25% in plasma HDL). Besides phosphatidylcholine (the major phospholipid), the CSF lipoproteins contain more phosphatidylethanolamine. The reason why is unclear. ApoE is sialylated more in CSF than in plasma. ApoE possesses a single carbohydrate attachment site at threonine-194. 37 CSF lipoproteins bound avidly to fibroblast LDL receptors (high-affinity binding, >20-fold higher than LDL for the receptors). 36 Subfractionation of CSF lipoproteins by apoE and apoAI immunoaffinity columns revealed 2 distinct particles. 36 One contained predominantly apoE and was largely spherical (15.4±3 nm) with a few disc-like particles. The other contained apoAI and was spherical and smaller (12.9±2.1 nm). In another study, 9 CSF lipoproteins separated by gel filtration had an elution profile equivalent to plasma HDL. Immunoaffinity chromatography with anti-apoE then anti-apoAI resolved 4 lipoproteins: CSF-Lp apoE, CSF-Lp apoAI, CSF-Lp apoE/ AI, and Lp (with neither apoE nor apoAI). All particles contained apoD and apoJ. Lp apoE, Lp apoAI, and Lp apoE/AI had similar lipid composition (≈60% protein, 20% to 30% phospholipid, and 14% to 17% cholesterol). Lp apoE particles were larger (18-20 nm) than Lp apoE/AI particles (13-20 nm) and more lipid rich (lipid:protein, 0.76:1). Lp apoAI particles were smaller (13-18 nm).
Isoform-Specific Effects on Human CSF ApoE Levels
Plasma levels of apoE vary with apoE genotype (apoE2>apoE3>apoE4 ; Tables 1 and 2) . 38, 39 In ≈700 healthy controls, a sensitive ELISA for apoE 40 showed a strong gradient (apoE2/2 highest; apoE4/4 lowest). Total apoE was less abundant in apoE4 carriers than in noncarriers (5.6±2.4 versus l7.4±3.1 mg/dL; P<0.001). This gradient was also seen in cognitively impaired subjects.
In >400 cognitive normal subjects, mean plasma apoE was ≈5.7 mg/dL and total CSF apoE was 0.7 mg/dL (range, ≈0.6-0.9 mg/dL; highest in apoE2 and lowest in apoE4 carriers; Tables 1 and 2 ). In plasma, this gradient reflects decreased LDL receptor binding of apoE2 (and thus higher plasma levels) and the preference of apoE4 for VLDL (accelerates hepatic clearance and results in lower levels). The higher brain levels of apoE2 could also reflect impaired receptor binding. However, the lower apoE4 levels likely reflect increased degradation caused by its unique structural features. ApoE4 preferentially forms a molten globule intermediate that makes it less stable than apoE3, 41 and its amino terminus interacts with the carboxyl terminus through an ionic interaction between arginine-61 (Arg-61) and glutamic acid-255 ( Figure 2A ). 42 Domain interaction causes the preferential binding of apoE4 to VLDL in plasma and increases hepatic clearance. In the brain, low apoE4 levels are influenced by the domain interaction, which may be caused by enhanced astrocyte degradation. 43 A B Figure 2 . Models of apoE3 and apoE4 structure. A, ApoE4 displays a unique property, referred to as domain interaction, that involves an ionic interaction between arginine (Arg)-61 and glutamic acid (Glu)-255. ApoE3 undergoes domain interaction to a lesser degree. Domain interaction is associated with many altered functional properties that distinguish apoE4 from apoE3. B, Domain interaction can be blocked by small molecules that prevent the ionic interaction and convert apoE4 to an apoE3-like molecule, both structurally and functionally. ApoE4SC indicates apoE4 structure corrector; Cys, cysteine; and Glu, glutamic acid. Modified from Mahley and Huang 59 with permission of the publisher. Copyright ©2012, the American Chemical Society.
The lower apoE4 levels and thus lower levels of cholesterol transport could affect cholesterol homeostasis and neuronal plasticity.
Mouse Models of Human ApoE Metabolism in the Brain
CSF ApoE Levels in Mouse Models
In an extensive, well-controlled study, plasma and CSF levels were examined in apoE2/2, apoE3/3, and apoE4/4 targeted replacement mice. 44 To eliminate spurious results from masked apoE epitopes, multiple methods were used to detect and quantitate apoE, including detergent extraction of plasma, CSF, and brain tissue. Despite similar mRNA levels, plasma levels of apoE2 were the highest and apoE4 were the lowest. CSF apoE levels in the mice had the same gradient as seen in human CSF (apoE2>apoE3>apoE4; Tables 3 and 4 ). An additional study of targeted replacement mice confirmed these findings, showing a 3-to 4-fold difference between apoE2 and apoE4 levels in CSF, 45 which was demonstrated by microdialysis probes in the hippocampus of targeted replacement mice. 46 The gradient of apoE levels also occurs in frontal cortex and hippocampus 44 ( Tables 3 and 4) . Some studies reported similar apoE levels in apoE4 and apoE3 targeted replacement mice 47 and higher apoE4 levels in apoE3/4 humans. 48, 49 These discrepancies could reflect masked epitopes from variable lipidation and poor extraction from brain samples. Detergent extraction is essential, and data from immunoassays and Western blotting must be analyzed. Moreover, apoE aggregates readily.
Mechanisms for the lower apoE4 levels were studied in cultured primary astrocytes from targeted replacement mice. 44 ApoE4/4 mouse astrocytes secreted 28% less apoE and ≈50% less cholesterol than apoE3/3 astrocytes. Cellular retention of apoE4 was not different; however, in pulse-chase studies, [ 35 S]apoE4 disappeared more rapidly than apoE3 (half-life, 49 versus 96 minutes; enhanced degradation of apoE4 will be discussed in greater detail later).
ApoE Structure Modulates ApoE Levels and Metabolism
Mouse apoE has arginine at the site equivalent to residue 112 in human apoE4 but has threonine at the site equivalent to residue 61 and thus lacks domain interaction. 42 The same is true for all animals except humans. 50 Arg-61 mouse apoE generated by gene targeting displays domain interaction similar to human apoE4 and has lower plasma levels than wild-type mouse apoE, 51 and Arg-61 mice have pathological characteristics and behavioral impairments similar to those of mice expressing human apoE4. 52 In the brain, Arg-61 mouse apoE behaves like human apoE4. Despite similar mRNA levels, Arg-61 mouse apoE levels are 43% lower overall than wild-type mouse apoE, which behaves more like apoE3, 43 and 33% to 47% lower in cortex, hippocampus, and cerebellum, regardless of age or sex. In targeted replacement mice, apoE4 levels are 28% lower than apoE3 levels 43 and 26% to 37% lower in cortex, hippocampus, and cerebellum. In primary cultures of astrocytes, 43 secretion of Arg-61 mouse apoE is 46% lower than wild-type mouse apoE, and apoE3/4 cells secrete 25% less apoE4 than apoE3. Thus, domain interaction that occurs in the context of Arg-112 and Arg-61 is the critical structural feature of apoE contributing to the lower apoE levels in the CNS as displayed by the expression of human apoE4 or induced by replacing the normally occurring threonine with arginine at the site equivalent to residue 61 in mouse apoE. Wild-type mouse apoE does not faithfully mimic either human apoE4 or apoE3.
ApoE4 Structure Targets It for Degradation and Decreased Lipid Transport
Domain interaction leads to intracellular degradation and altered lipid-binding capacity. Arg-61 mouse apoE (surrogate for apoE4) elicits an ER stress response in primary cultured astrocytes from the Arg-61 mice, but wild-type mouse apoE (surrogate for apoE3) does not. 53 Arg-61 mouse apoE was targeted for degradation, and markers of the unfolded protein response in all 3 unfolded protein response pathways were upregulated. ApoE4 does not activate the ER stress pathway in neurons.
As discussed, neurons are poised for apoE synthesis 31 but synthesize less apoE until they are injured or stressed 26 by aging, neurotoxins, ischemia, oxidative stress, and likely other environmental and genetic factors that necessitate redistribution of cholesterol and other lipids for repair and remodeling. However, because of domain interaction, apoE4 is recognized by a neuron-specific protease that degrades it to a greater extent than apoE3, [54] [55] [56] [57] generating neurotoxic carboxyl-terminal fragments of ≈12 to 29 kDa. These fragments escape the secretory pathway, stimulate tau-phosphorylation, and cause mitochondrial dysfunction. The fragmentation is blocked by site-directed mutagenesis (Arg-61 to threonine) or small-molecule structure correctors that prevent domain interaction 58, 59 ( Figure 2B) . Human apoE4/4 ≈75 ≈150 *33% higher than apoE3 and 40% higher than apoE4. †12.5% higher than apoE3 and 20% higher than apoE4. July 2016
ApoE4 synthesized by astrocytes is associated with lipoprotein particles with various degrees of lipidation. 25, [60] [61] [62] Isoform-specific differences in phospholipid and cholesterol secretion from primary cultured astrocytes from targeted replacement mice expressing human apoE3 or apoE4 have been characterized in detail. Similar levels of apoE3 and apoE4 were released, and the particles were of similar size, but apoE3 was associated with a 2-to 3-fold greater release of phospholipid and cholesterol. Thus, apoE3 delivers more cholesterol and phospholipids to cells. Likewise, because of the domain interaction, neuronal cells transfected with apoE4 release ≈25% less phospholipid than cells expressing apoE3. 63 When apoE4 domain interaction was disrupted by insertion of threonine at residue 61, phospholipid release from apoE4-threonine-61-and apoE3-expressing cells was the same and greater than from apoE4-expressing cells.
ApoE isoforms differ in their lipid binding and lipoprotein preferences. 22, 42, 64 ApoE3 binds to small HDL, whereas apoE4 binds to large VLDL-at least partially because of domain interaction, which changes the exposure or orientation of the lipid-binding region. When domain interaction is blocked, the lipoprotein-binding preference of apoE4 resembles that of apoE3.
In sum, apoE4 is more susceptible to intracellular degradation in astrocytes and neurons, is present at lower levels in the CNS and CSF, and delivers cholesterol and phospholipid to neurons less efficiently (Figure 3 ). These alterations are associated with neuropathology, including AD, traumatic brain injury, stroke, and other apoE4-associated neurological disorders.
Role of ABCA1 in HDL Formation
ApoAI, the major apolipoprotein in plasma HDL metabolism, participates in a cholesterol redistribution process called reverse cholesterol transport (Figure 1 ). Lipidation of apoAI in peripheral tissues, including hepatocytes and enterocytes, involves ABCA1mediated transport of cholesterol and phospholipid from cell membranes (Figure 1 ). 13 ABCA1 is found in a wide range of cells in the body, including astrocytes and neurons in the brain.
In the CNS, ABCA1 participates in cholesterol efflux to apoE to form HDL-like apoE-containing particles enriched in phospholipid and unesterified cholesterol. 65 In apoE-producing macrophages, apoE interacts with ABCA1 to form unesterified cholesterol-rich HDL; apoAI, if present, enhances the efficiency of this process. 66 ABCA1 is important in mouse CNS. 67, 68 ABCA1 deletion reduces apoE levels in plasma, brain, and CSF by >80% and is associated with the formation of small apoE-containing lipoproteins. In addition, cultured astrocytes lacking ABCA1 form only small, cholesterol-poor apoE-containing lipoproteins. Thus, ABCA1 in mice is critical for apoE lipidation and HDL formation.
The importance of ABCA1 in human CNS lipid metabolism is not completely clear. In Tangier disease, mutations in both alleles and the absence of ABCA1 activity reduce plasma HDL cholesterol and apoAI by 40% to 50% and decrease apoAI HDL lipidation 69, 70 ; plasma apoE levels are unchanged or increased. 71 However, Tangier disease patients do not have CNS problems (eg, no increased risk of dementia). A study of patients with 10 single-nucleotide polymorphisms in ABCA1, including those associated with altered plasma HDL levels, failed to show an association with CNS apoE levels. 10 If ABCA1 activity was rate limiting for apoE-HDL lipidation, one would expect decreased apoE-HDL levels as observed in the mice.
Alternatively, other transporters could assume the role of ABCA1 in the CNS. For example, ABCA7, a relative of ABCA1, serves as a phospholipid transporter that seems to mediate cholesterol removal. 72 Importantly, ABCA7 is highly expressed in the brain, and in a genome-wide association study, it was shown to be a risk factor for AD. 73, 74 As will be discussed, ABCG1 and ABCG4 could also compensate for a deficiency of ABCA1 activity and mediate apoE-HDL lipidation. Figure 3 . ApoE4 is a major therapeutic target to prevent or slow Alzheimer disease and several other neurodegenerative disorders. ApoE4 is synthesized primarily by astrocytes but to a lesser extent by neurons (injury to neurons stimulates apoE production). I, ApoE4 synthesis by neurons triggers neuron-specific proteolysis, generating a series of neurotoxic fragments that escape the secretory pathway and stimulate tau-phosphorylation and mitochondrial dysfunction. The unique structural feature of apoE4-domain interaction-is responsible for stimulating the proteolysis, and blocking apoE4 domain interaction with apoE4 structure correctors prevents the formation and the neurotoxic effects of the fragments and protects against neurodegeneration and impaired cognition. II, The accelerated degradation of apoE4 by astrocytes (and to a lesser extent the increased proteolysis of apoE4 in neurons) results in decreased apoE4 levels in the cerebrospinal fluid (CSF) and central nervous system (CNS). [It has been postulated that this contributes to decreased amyloid-β (Aβ) clearance.] In addition to lower levels of apoE4, apoE4 has a decreased lipid-binding capacity. ApoE4 domain interaction is also associated with decreased apoE4 levels and decreased affinity for lipids. ApoE4 structure correctors can restore the apoE4 levels and enhance lipid binding. ER indicates endoplasmic reticulum.
Role of ABCG1 in Peripheral Tissues and the CNS
In cultured cells, ABCA1 and ABCG1 lipidate nascent HDL, possibly with ABCA1 initiating cholesterol and phospholipid transfer to apoAI or apoE to form discs, which are further lipidated by ABCG1. However, neither deletion nor overexpression of ABCG1 in mice affects plasma lipid levels significantly. 75 Interestingly, ABCG1 and its relative ABCG4 may function more importantly in the CNS than the periphery. Both are widely expressed in neurons and astrocytes (ABCG4 primarily expressed in the brain). 76 These transporters display overlapping roles in sterol efflux from cells to HDL. Deletion of either ABCG1 or ABCG4 did not affect CNS sterol levels, whereas deletion of both transporters resulted in a 2-to 3-fold increase of sterols, including desmosterol, lanosterol, lathosterol, and 27-OH cholesterol. 76 Thus, the variety of lipid transporters displaying both unique and overlapping roles in efflux and transport within the CNS further illustrates the critical role of lipid homeostasis occurring in situ and restricted by the BBB.
Role of LDL Receptor Family Members in ApoE Delivery of Cholesterol to CNS Cells
The LDL receptor and the LDL receptor-related protein 1 are primarily responsible for lipoprotein binding and cholesterol delivery by apoE to neurons and glia. 77, 78 The VLDL receptor and apoE receptor 2 participate in reelin modulation of neuronal development of cerebral cortex and in reelin-mediated intracellular signaling but not cholesterol transport. 79, 80 LDL receptors are most highly expressed in glia and to a lesser extent in neurons. LDL receptor-related protein 1 receptors are more highly expressed in neurons. 81 Heparan sulfate proteoglycans on neuronal and glial cell membranes may facilitate binding to the LDL receptorrelated protein 1 or to sequester apoE molecules to enrich the lipoproteins for receptor-mediated uptake as in the liver. 82 In mice, brain and CSF apoE levels are increased by LDL receptor deletion 45 and decreased by LDL receptor overexpression. 83 Likewise, conditional deletion of LDL receptor-related protein 1 in forebrain neurons increases apoE levels. 84
Role of LCAT in Cholesteryl Ester Formation in the CNS
LCAT transfers a fatty acid from phospholipid to unesterified cholesterol to form cholesteryl esters. ApoAI activates LCAT to a greater extent than apoE. 85 In an artificial recombinant system lacking apoAI, apoE4 was less efficient in activating LCAT to form cholesteryl esters and in converting discoidal particles to spherical apoE-containing lipoproteins. 86 The unique structure and conformation assumed by apoE4 on these apoE discs and small particles may alter the access of LCAT to the phospholipid acyl chains. Less formation of cholesteryl esters in apoE4-containing lipoproteins could impair maturation of CNS HDL, limiting the availability of cholesterol and other lipids for cells. Core formation is essential for HDL to optimally acquire cholesterol from cells and to increase its cholesterol-carrying capacity.
Role of CETP in the CNS
In plasma, CETP mediates cholesteryl ester transfer from HDL to lower density lipoproteins during reverse cholesterol transport. In human CSF, cholesteryl ester transfer activity is present at a concentration of ≈12% that in plasma, indicating that it is made in the brain. CETP activity is present in culture medium from neuroblastoma cells, astrocytes, and choroid plexus. 87 Its role in the CNS is undefined. There are no lower density lipoproteins (eg, LDL) to serve as cholesteryl ester acceptors and no triglyceride-rich lipoproteins (eg, VLDL) for exchange of triglyceride for cholesteryl esters. In a highly artificial system of apoE-recombinant lipid discs, CETP caused apoE-containing lipoproteins to fuse, forming large particles. 86 Thus, CETP may facilitate cholesteryl ester transfer among the CNS lipoproteins, resulting in fusion of apoE-and apoAI-containing particles, or its function could be unrelated to CNS lipoprotein metabolism.
Other Apolipoproteins in the Brain and CSF ApoJ
ApoJ (clusterin) is a 75-to 80-kDa glycoprotein in the plasma HDL fraction and in several tissues, including brain. Normally produced by astrocytes, 62 apoJ is markedly upregulated after stress or injury and produced by both astrocytes and neurons. In traumatic brain injury, this upregulation helps protect against oxidative stress and neuroinflammation. 88, 89 However, apoJ seems to play multiple roles in complement activation, oxidative stress, apoptosis, and cancer. 65, 90 It also serves as a chaperone in protein unfolding pathways and disposal of misfolded proteins. 91 Much more needs to be learned about apoJ's role in cholesterol transport and lipid delivery to CNS cells.
ApoD
ApoD, a 29-kDa protein that is transported on plasma HDL, has little homology with other apolipoproteins involved in lipid transport and is a member of the lipocalin family. It is produced in the brain and is associated with CSF HDL. ApoD is produced by astrocytes and oligodendrocytes. Its importance as a cholesterol transporter is unknown. 65, 88 ApoD has been shown to be cardioprotective against experimentally induced myocardial infarction in mice and can protect cultured cardiomyocytes from hypoxia by inhibiting oxidation. 92 ApoD might play such a role in the brain where neurodegeneration is often accompanied by oxidative stress.
ApoE-Associated Neuropathology
AD, the leading cause of dementia, is increasing in prevalence secondary to aging populations worldwide. 93, 94 No effective therapy to prevent or reverse the cognitive impairment exists. During the past 25 years, the amyloid hypothesis has been the main AD research focus 77, 78, [95] [96] [97] ; however, several clinical trials using a variety of drugs to decrease amyloid plaques and the formation of Aβ peptides have failed. Undoubtedly, multiple factors involving several pathways must be considered in AD pathogenesis. This includes targeting apoE4 as a therapeutic approach. 21,58,59,93,94 July 2016
ApoE4 is the major genetic risk factor for AD 98, 99 (65% to 80% of all patients with AD have at least 1 apoE4 allele). ApoE4 increases the risk many fold and decreases the age of onset by 8 years for each apoE4 allele. It also plays a key role in poor clinical outcome after traumatic brain injury and stroke and in severity or progression in frontotemporal dementia, Lewy body disease, and other neurological disorders. 21, 58, 59, 93, 94 ApoE4 is associated with deposition of amyloid; however, it remains to be proved that amyloid or Aβ is causative. 77, 78 Clearly, amyloid pathology does not explain the apoE4-associated neuropathology seen in the neurological disorders lacking amyloid pathology.
ApoE is envisioned to affect 2 major pathways affecting neurodegeneration: (1) a direct effect of apoE4 expression in neurons on the generation of neurotoxic fragments and (2) an indirect effect with lower levels of apoE4 and decreased lipid transport in the CNS associated with apoE4 ( Figure 3) . The unique structure of apoE4 (ie, domain interaction) drives these outcomes. 58, 93 Our working hypothesis is that apoE4 sets the stage for various second hits (eg, aging, oxidative stress, excitotoxicity, ischemia, traumatic brain injury, and increased Aβ) that injure or stress neurons. Injured neurons synthesize apoE (Figure 3 ). 58, 59, 93 However, apoE4 undergoes enhanced neuron-specific proteolysis, which generates neurotoxic fragments (≈12-29 kDa) that enter the cytosol, causing tau-hyperphosphorylation 54, 56, 57, 100 and mitochondrial dysfunction 101, 102 and ultimately neurodegeneration. Fragments containing the receptor-binding region (residues 136-150) and the lipid-binding region (residues 240-270) are the minimal structure of apoE responsible for neurotoxicity. The receptor-binding region serves as a protein translocation domain, and the lipid-binding region mediates fragment interaction with mitochondria. 103 The initial proteolytic cleavage results in the formation of a 29-kDa fragment lacking the carboxyl-terminal 27 to 30 amino acids; subsequent cleavage removes various regions of the amino terminus. 54 Blocking apoE4 domain interaction by site-directed mutagenesis (Arg-61 to threonine) or by small molecules (apoE structure correctors) prevents the ionic interaction of Arg-61 and glutamic acid-255, the generation of neurotoxic fragments, and the detrimental effects of apoE4 in cultured neurons and in apoE4 transgenic and targeted replacement mouse models. 58, 59, 101, 102 Preclinical studies to develop apoE structure correctors as a therapeutic approach to prevent apoE4-associated neuropathology are in progress. Furthermore, inhibiting the neuronal protease would be an additional approach to preventing the generation of the apoE4 neurotoxic fragments.
An alternative therapeutic approach targets the lower levels and impaired lipidation of apoE4 in the CNS (Figure 3 ). ApoE4 is degraded more effectively than apoE3/2 in both astrocytes (ER stress activation) 53 and neurons (neuronspecific proteolysis). [54] [55] [56] [57] The result is lower levels of apoE4. ApoE4 also displays a lower lipid-binding capacity and lower affinity for lipids. 63 Thus, apoE4 is associated with decreased lipid transport in the CNS and possible inefficient neuronal repair and remodeling. Importantly, both of these processes-apoE levels and lipidation-are controlled by apoE4 domain interaction. ApoE4 conformation and its stability are responsible for the differences in lipid and lipoprotein binding. [104] [105] [106] Blocking apoE4 domain interaction prevents neuronal and astrocytic degradation and allows enhanced lipidation to occur.
Modulation of this pathway includes stimulating apoE expression with bexarotene, a retinoid x receptor agonist. An initial study with bexarotene decreased amyloid plaques and improved cognitive function in an AD mouse model, 107 but this has not been confirmed in other studies. [108] [109] [110] [111] [112] Such agonists alter the expression not only of apoE but also of ABCA1 and numerous other proteins. It remains to be determined whether increasing apoE4 is beneficial, or more likely, detrimental. Other groups are considering approaches to enhance apoE4 lipidation by modulating ABC transporter activity. At present, there is no way to selectively enhance the activity of one or more of the lipid transporters in the CNS. The rationale behind enhancing apoE4 lipidation is the possibility that apoE4 HDL may have an enhanced ability to clear Aβ in the CNS; however, this remains to be proven.
Clearly, elucidation of apoE structure and function has led to understanding isoform-specific effects in normal and pathological processes. Unraveling CNS lipid and lipoprotein metabolism has contributed to the development of critically important therapeutic approaches in treating/preventing apoE4-associated neuropathology.
